Isoxsuprine, a vasodilator agent, 2-(3 phenoxy-2 propylamino)-l-(p-hydroxyphenyl.) 1-propanol hydrochloride, was synthesized by Moed and Van Dijk in 1956 (1) and has a j3-stimulatory and adrenolytic action and a papaverine-like or a direct action as reported by Brucke et al. (2) and Ariens and Simonis (3). Lish et al. (4, 5) attributed a relaxing activity of the drug to the adrenergic fl-stimulatory action in some tissues and the direct action in other tissues when different kinds of non-vascular smooth muscle were used. However, Drinnon and Yelnosky (6) and Manley and Lawson (7) reported that the vaso dilator action of isoxsuprine was attributable mainly to the direct action of the drug. Preliminary observations showed atrial biphasic responses-initial stimulatory and then inhibitory responses-to a relatively high dose of isoxsuprine. This study was undertaken to investigate in details a mechanism of atrial biphasic responses to the drug in the rabbit and guinea pig.
500 to 600 g, of either sex, were used. Isolated guinea pig's atria were suspended in 50 ml of Ringer-Locke's solution at 30°C bubbled with 100% 02 for recording the spontaneous contraction on the smoked drum by means of an isotonic lever. Rabbit's atria were bub bled with 95% 02 and 5% CO, in the same condition. Atrium isolated from about 10 rabbits was fixed on the cork plate in the organ bath for heart muscle (C-509 Takahashi Co.) containing modified Tyrode's solution at 30°C and non-pacemaker potentials were intracellularly recorded in almost the same manner as previously described (9) . High input impedance amplifier (MZ-3A, Nihon Kohden) was connected to universal dual beam oscilloscope (VC-7, Nihon Kohden). The potential changes were photographed through a cathode oscilloscope by use of a continuous recording camera (Narishige Scientific In strument Laboratory). Drugs used were isoxsuprine, dl-noradrenaline hydrochloride, propranolol hydrochloride, atropine sulphate, cocaine and reserpine. Reserpine (3 mg/kg) was injected i.p. in some guinea pigs and the atria were removed 18 to 24 hours later. The concentration of the drugs was expressed in g/ml.
Biphasic effects of isoxsuprine on the isolated atria of the rabbit and guinea pig
The concentration of isoxsuprine blow 10-6 did not influence spontaneous atrial con tractile frequency and force. Isoxsuprine 10-6 produced a slight increase in the parameter. As shown in Fig. 1-A and left side of 1-B, isoxsuprine 5 x 10-5 produced increases in atrial contractile frequency and force and these effects reached a maximal point 1 to 3 minutes after the drug application. Maximal increases were 26 and 58% (n=4) in the rabbits. Percent increases in the guinea pig were relatively smaller than those in the rabbit. There after, these parameters recovered control levels 4 to 6 minutes after the drug application, and then decreased progressively. As shown in the middle and right side of Fig. 1-B , 45 minutes after washing out of the drug solution, atrial contractile frequency and force re covered completely and moreover reached and maintained an increased level over control before the drug application. Contractile frequency of the rabbit atria after washing out of the drug solution was 145.0-1-11.8% (p<0.05, n=4), compared to control (100+6.9%) before the drug application.
The pretreatment with propranolol 10-7 blocked completely initial increases in con tractile frequency and force caused by isoxsuprine 5 X 10-5 and these parameters showed only progressive decreases immediately after isoxsuprine application. Contractile frequency and force after washing out of propranolol-pretreated isoxsuprine solution decreased below control before the drugs application. Contractile frequency decreased to 84% (n=2) of control in guinea pig's atria.
The pretreatment with cocaine 5 x l0-6 did not decrease atrial initial stimulatory response to isoxsuprine 5 x 10-5 in the rabbit. Reserpine also did not produce any modi fication in guinea pig's atria. Atropine 10'5 added 40 minutes after the application of isox suprine 5 x 10-5 did not influence the later depressive response to the drug in the rabbit.
2. Effects of propranolol, noradrenaline and isoxsuprine after washing out of isoxsuprine solution on the isolated atria of the rabbit and guinea pig As shown in Fig. 2 -A, the administration of propranolol 10' 30 minutes after washing out of initially applied isoxsuprine 5 x 10-5 solution produced decreases in contractile fre quency and force progressively in guinea pig's atria in spite of no changes in these para meters caused by the low concentration of propranolol in standard situation. Percent decreases in contractile frequency and force were 48 and 36% (n=3) 10 minutes after the application of propranolol. As shown in Fig. 2 -B, percent increases in contractile frequency and force by the 2nd administration of noradrenaline 10' 40 minutes after washing out of isoxsuprine 5 x 10-5 solution were only 30 and 35% (n=2) of controls in rabbits. As shown in Fig. 2 -C, the 2nd application of isoxsuprine after washing out of the 1st drug solution produced only a very slight initial response in the rabbit, compared to control to the 1st drug application.
FIG. 2. Effects of propranolol, noradrenaline and isoxsuprine after washing out of isoxsuprine solution
on the isolated atria of the guinea pig (Trace A) and rabbit (Traces B and C). Numbers at the top of each recording show contractile frequency. Trace A and B shows a long-lasting R-stimulatory and p-blocking action of isoxsuprine, respectively.
Trace C shows a modification of atrial response to the 2nd application of isoxsuprine.
Each figure of the right side shows an average atrial contractile response in each Trace, respectively (Abscissa : time after the drug application, and Ordinate : percent changes in contraction force). Numbers of experiments are shown in parenthesis.
Abbreviations : Isox. ; isoxsuprine, Fropr. ; propranolol, Nor. ; noradrenaline and W ; washing out of test solutions. guinea pig's atria by isoxsuprine Effect of extracellular high Na' and low K ' on the later depressive action of isoxsuprine was investigated in guinea pig's atria in the presence of propranolol 10' as an index of a standstill time of contractile frequency caused by the drug application. As shown in Fig.  3 -A, isoxsuprine 5 x 10_' produced a standstill of atrial contractile frequency about 5 minutes after the drug application in the standard solution. In the equilibrium condition of ex tracellular 1 /4 X K+ concentration, atrial contractile frequency decreased and force in FIG. 3 . Typical effect of extracellular low K+ (Trace A) and high Na+ (TraceB) on a depressive action of isoxsuprine in the isolated guinea pig's atria.
Numbers at the top of each recording show contractile frequency. Atria were pre treated with propranolol (10-'). Abbreviations : Isox. ; isoxsuprine, Propr. ; propranolol, W ; washing out of test solutions, and Sucrose 1.5x ; isoosmotic amount of sucrose to extracellular 1 .5 x Na+ concentration.
FIG. 4. Effects of extracellular
high Na+ (left side) and low K+ (Right side) on a standstill time of contractile frequency of the guinea pig's ratria after the application of isoxsuprine.
Atria were pretreated with propranolol (10-'). Ordinate shows the standstill time of contractile frequency caused by isoxsuprine.
Numbers of experiments are shown in parenthesis.
Vertical bars show standard error. Sucrose means isoosmotic amount of sucrose to extracellular 1.5 x Na+ concentration.
Experi ments were performed in the same atria in the order of left to right columns in each figure. creased slightly. Standstill time caused by the drug was significantly prolonged (see summarized results in Fig. 4 ). Again that in the standard solution was almost the same to control.
As shown in Fig. 3 -B, in sucrose solution of isoosmotic amount to external 1.5 X Na+ concentration and in the external 1.5 X Na+ concentration, atrial contractile frequency and force before the drug application decreased moderately, which may be partially derived from high osmotic pressure. Atrial standstill time by isoxsuprine was prolonged clearly in the condition of external high Na+ despite of no prolongation in sucrose solution. Again, in the standard solution in the same atrium, atrial standstill time by the drug was the same to control before changing external solution (also see Fig. 4 ).
4. Interaction between external high Na+ and effect of isoxsuprine on the non pacemaker potentials in the isolated spontaneously beating atria of the rabbits In the presence of propranolol 10', the dose of which was ascertained not to produce any modification on non-pacemaker potentials, isoxsuprine 5 x 10-5 produced a gradual decrease in the resting potential and a rounding-off of the upstroke and the peak of the action potential within 10 to 15 minutes after the drug application, as shown in a typical case of Fig. 5-A to -D. The rate of rise and amplitude of the action potentials decreased gradually and the terminal phase of the repolarization prolonged markedly. These changes were progressive and the action potentials disappeared completely 30 to 50 minutes after the drug application Abolished action potentials were started again by washing out of nutrient solution ~evera.] times. but complete recovery of non-pacemaker potentials was not observed. In a case shown in Fig. 5 , an intracellular microelectrode was dislodged after disappearance of the action potentials between D and E. Microelectrode was in serted again in other fiber, also in which spontaneous firings of the action potential were not observed (Fig. 5-E) . Addition of external 1 /2 to I x NaCl (totally 217 .5 to 277.0 mm) could restart the action potentials without increasing the resting potential in 3 out of 5 cases. Spontaneous firing of action potentials restarted by high Na' was temporal in 2 out of 3 cases. However, in a case shown in Fig . 5 , continuous recovery of the action potential was observed (F-H). In 2 out of 4 cases, non-pacemaker potentials changed but not yet arrested by isoxsuprine could be recovered slightly by the addition of high Nat
DISCUSSION
The result of an initial slight stimulatory effect of isoxsuprine on contractile frequency and force in the present experiment was in accordance with previous observations pre sented by Briicke et al. (2) , and Nash et al. (8) and its adrenergic Q-stimulatory property was also ascertained in the present result as suggested by Ariens and Simonis (3) and re ported by Drinnon and Yelnosky (6) . The adrenergic 8-stimulatory action of isoxsuprine was long-lasting in isolated atria. Thirty to 50 minutes after washing out of isoxsuprine solution, atrial contractile frequency and force increased clearly compared to the initial level before the drug application and in this situation the application of the low concen tration of propranolol produced a progressive decrease in both parameters. On the other hand, washing out of isoxsuprine solution pretreated with propranolol resulted in decreases in both parameters compared to the initial level before the drug application.
Adrenergic Q-blocking activity of isoxsuprine suggested by Ariens and Simonis (3) and demonstrated by Lish et al. (4) was also confirmed in the isolated atria in the present experiment. Even in the absence of isoxsuprine 30 to 50 minutes after washing out of the drug solution, the 2nd application of noradrenaline produced clearly lesser positive ino and chrono-tropic effects than those of the 1st application of noradrenaline. Lish et al.
(4) demonstrated a relatively long duration of relaxing action of isoxsuprine in every type of smooth muscles tested in vivo. This was confirmed in isolated atria in adrenergic Q blocking action and also in a direct depressive action of the drug. It seems likely that a direct depressive action of isoxsuprine is masked by the long-lasting Q-stimulatory action even after washing out of the drug solution, because depressive effects of isoxsuprine on the non-pacemaker potentials in the presence of propranolol could not be also easily recovered by repeated washing out of the nutrient solution.
A relatively high dose of isoxsuprine produced a progressive decrease in atrial con tractile frequency and force in the presence of propranolol. Raising external Na+ con centration prolonged clearly a standstill time of atrial contractile frequency caused by isoxsuprine, while the addition of isoosmotic amount of sucrose did not prolong it and addi tion of NaCI could recover partially non-pacemaker potentials changed or arrested by isoxsuprine. Also judging from changes in the shape of the transmembrane potentials caused by isoxsuprine, the drug seems surely to inactivate sodium carrying system. How ever, these effects could not be specific only to isoxsuprine. For example, Cox and West (11) have reported a sodium lactate reversal of quinidine effect on rabbit's atria and Kubo and Misu (10) have reported a partial recovering effect of soidum chloride on non-pace maker potentials changed by a high dose of propranolol. Lowering external K+ also pro longed significantly the standstill time of atrial contractile frequency caused by isoxsuprine.
Judging also from changes of non-pacemaker potentials produced by isoxsuprine, the drug depresses the permeability of the membrane to potassium. Again, effect of low external K+ concentration is not specific only to isoxsuprine. For example, Holland and Klein (12) have reported the depression of K42 efflux in the presence of quinidine and these ob servations are not uncommon with many stabilizing drugs (13) . Trautwein (14) has point ed that chemically quite unrelated agents such as quinidine, procaine, diphenhydramine and papaverine have basic common properties in the single fiber experiments. In the present experiment, it was shown that isoxsuprine had a slight (3-stimulatory and j9-blocking action and that a mechanism of the direct depressive action of isoxsuprine was at least due to decreased excitability of atrial muscles. However, it is not clear whether the mechanism of direct action of the drug on vascular smooth muscles is the same to that in heart muscles or not. 4. Isoxsuprine produced decreases in the resting potential, the rate of rise and over shoot of the non-pacemaker action potential and a prolongation of the terminal phase of the repolarization and finally arrested non-pacemaker potentials completely. Addition of NaC1 recovered partially these parameters.
5. It was discussed that isoxsuprine has a slight Q-stimulatory, Q-blocking and a direct depressive action on the isolated atria.
